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INTRODUCTION
In the past, there have been investigations into a wide variety of short fibres for elastomer reinforcement. On the one hand, sustainable cellulose-based natural fibres, such as sisal, jute, coconut etc., have been used. While these display good fibre-matrix adhesion owing to their larger specific surface area, however, they have the disadvantages of time-consuming preparation and variable reinforcing action. Compared with natural fibres, synthetic and inorganic fibres made of e.g. polyamide, polyester, glass, carbon and aramid have higher dimensional accuracy and more exact tolerances because they are manufactured continuously. However, glass and carbon fibres are generally used very little, if at all, owing to their tendency towards relatively high levels of fibre breakage caused by the high shear stresses occurring during incorporation into elastomers [1, 2] . Thanks to their comparatively low level of fibre breakage and the improvement in tribological and hysteresis properties [3, 4] , there is increased interest in the use of short-cut aramid fibres for elastomer reinforcement. There are applications for example in tyres, V-belts, timing belts, conveyor belts, seals, bearings and hoses.
In order to ensure that the short fibres have an optimum reinforcing action in the elastomer, however, the following factors must be taken into account: complete dispersion of the fibres at filament level, avoidance of fibre breakage during incorporation, fibre orientation appropriate to the application and good fibre-matrix adhesion.
In the past, investigations have been conducted into characterising the morphology of carbon black-filled vulcanisates [5, 6] . However, only qualitative assessments could be made as the use of carbon black rendered complete characterisation difficult. One way of making this possible is to use transparent model systems [7] . Our work involved investigating the process-induced dispersion, orientation and length distribution of the fibres in ethylene-propylene-diene rubber (EPDM) and their effect on performance characteristics. Characterisation was performed using light and electron microscopy as well as physical/mechanical material testing on carbon black-free model systems.
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ExPERiMENtal
Materials
Twaron and Technora short aramid fibres with an initial fibre length of approx. 3 mm were supplied by Teijin Aramid B.V. (Netherlands). Twaron fibres consist of poly(pphenylene terephthalamide) or (PPTA) while Technora fibres are co-poly(para phenylene/3,4'-oxydiphenylene terephthalamide) or (PP/ODPTA). Apart from an oily finish to improve their processing properties [8] , the fibres had no other surface modifications. EPDM of the Keltan 8340A type from Lanxess Elastomers B.V. (Netherlands) with a viscosity (ML (1+4) 125°C) of 80 was selected as the matrix. A peroxidic vulcanisation system (Perkadox 14/40 with the coagent trimethylolpropane trimethacrylate) from Akzo Nobel of the Netherlands was used for curing. The compound ingredients can be seen in Table 1 . The fibre content of 1 phr corresponds to a volume percentage of 0.58%, while 5 phr is equivalent to 2.86 vol%.
Compound and sample production
In the first processing step, the short fibres were incorporated using a laboratory internal mixer (Haake Rheomix 610p with Banbury rotors) at a starting temperature of the internal wall of 90°C. 50% of the matrix was premixed for 2 minutes and then the fibres were added together with the other 50% of the matrix. In the internal mixer, at a constant fill factor of 0.7 and a constant speed of 40 rpm, the effect of specific energy input on fibre dispersion and length distribution was investigated for different Twaron fibre contents (0, 1, 3, 5 phr) and fibre types. In mixing processes, the specific energy input e is an important measure of the energy input during mixing. It is defined as a power time integral according to the following equation [9] :
The mixing time of the fibres is designated t mix , while M(t) denotes the time-dependent torque and G the batch weight. Based on the paper by Shen and Rains on the transferability of the dispersion behaviour of short fibres in the scale-up of the internal mixer [10] and on the geometric data for each of the internal mixers ( Table 2) , the optimum mixing time was also calculated, maintaining the standard mixing parameters. The aim was to study the transferability of the dispersion results from the smaller Haake 610p to the larger Haake 3000p. The dimensionless dispersion parameter N RS used for this purpose is determined by the following equations:
V 0 here refers to the free volume of the mixing chambers with rotors and V s the sheared volume, which is made up of the rotor length L, the rotor diameter D b and the smallest clearance in the width H b . N refers to the rotor speed.
In the first processing step, the short fibres were incorporated in the internal mixer for a specific mixing time t mix . The material was then drawn once through a laboratory roll mill (Polymix 110L) to obtain sheets with an area of approx. 800 cm 2 and a thickness of approx. 0.5 mm so that the state of dispersion could be characterised visually. This involved determining the number of undispersed fibre bundles N bundle with a diameter greater than 3 mm. The addition of the curing system and the orientation of the short fibres took place in a second processing step in the laboratory roll mill for all of the compounds. The oriented sheets were stacked in a compression mould and vulcanised with a heated hydraulic press at 170°C and 10 MPa for t 90 + 2 minutes to form sheets of 110 x 90 x 2 mm. Tensile specimens (S2 type) and strip specimens (35 x 10 x 2 mm) for dynamic-mechanical analysis (DMA) in the fibre direction (longitudinal) and perpendicular to the fibre direction (transverse) were punched out of these sheets.
Characterisation of fibre length
The initial fibre length was determined by measuring 100 randomly chosen fibre bundles using a vernier calliper. In order to characterise the fibre length distribution after incorporating the short fibres, 15 µm thick films of the compounds were pressed and photographed using a fluorescence microscope in reflection mode at 5x magnification. These images were later compiled by software into 18.4 x 14.4 mm overview images ( Figure 1 ). The fibre length was then determined manually by evaluating at least 200 fibres. Objects which touched the edge or those with too low a diameter were ignored. It was not possible to carry out an automatic fibre length determination, as is standard practice e.g. for glass fibres in thermoplastics, because of the curvature of the fibres and the many points of intersection. To make it easier to compare fibre length distributions, a weighted average of the fibre length l w was determined as follows (2 nd moment of distribution):
Here, l i is the product of i and a fibre length increment Dl, and i is between 1 and n. N i is the number of fibres with the fibre length l i .
REsults aNd discussioN
Fibre dispersion
The degree of fibre dispersion is an important criterion in the quality of the compounds, since agglomerates act as defects and can lead to premature failure of the vulcanisates under load. In order to disperse fibres down to the filament level, a number of influencing factors must be taken into account. Dispersion is substantially determined by the cohesiveness of the fibre bundles and their ability to be wetted by the matrix, as well as by the ability of the matrix to infiltrate the fibre bundles, which is determined by its viscosity.
Dispersion was investigated as a function of specific energy input, fibre content and fibre type. The mixing time was varied at a constant speed until no more agglomerates were visible in the rolled sheets. First, the effect of different fibre contents on dispersion was investigated for Twaron fibres using a Haake 610p internal mixer. Based on preliminary tests, a fill factor of 0.7 was selected. The curves for temperature and moment and the number of undispersed fibre bundles N bundle over specific energy input are shown in Figure 2 . Figure 3a that the moments and temperatures for the same mixing parameters are significantly higher than with the Haake 610p. However, there were no differences between the fibre types. In order to transfer the results from the small internal mixer to the larger one, the corresponding optimum fibre mixing time was calculated for the constant dimensionless dispersion index N RS according to Formula (2) and listed in Table 2 . Figure 3b shows that, for the calculated mixing time of 11 minutes, the results obtained were comparable with those for the smaller Haake 610p. However, the specific energy input increased dramatically. The effect of this increase on fibre length distribution was subsequently investigated.
Fibre lengths
The initial fibre lengths for the two fibres differed because of the different cutting methods. Thus, the weighted average of the fibre length for Twaron with a rotary cutting process was 3.8 mm while for Technora with a guillotine cutting process it was 3.0 mm. The reason for this was the undesirable failure of the cutting edges, which resulted in occasional fibre bundles with a maximum length of 10 mm in Twaron. Figure 4 shows the weighted fibre length l w after each of the processing steps for the two internal mixers and fibre types. The results shown in black represent the values for the incorporation of the fibres in each internal mixer (step 1) while those in blue indicate the values after fibre orientation and incorporation of the curing system in the roll mill (step 2).
The fundamental differences between the fracture behaviour of the two types of fibre were clearly evident. While the l w values for Technora fibres were close to the diagonal line for no fibre breakage and were not affected by the type of internal mixer or processing step, the l w values for Twaron fibres were significantly determined by these.
Thus, the value for Twaron incorporated in the Haake 610p was 2.1 mm and, as a result of increased specific energy input during processing in the larger Haake 3000p, it fell to 1.7 mm. However, after the second processing step in the roll mill these differences were largely balanced out. The weighted fibre length fell to values of around 1 mm.
Scanning electron microscopy (SEM)
As expected, inadequate fibre-elastomer adhesion was observed in the non-polar EPDM for the polar fibres. This was clearly apparent in the SEM investigation of the fracture surfaces of tensile specimens which were As the mixing time or specific energy input increased, the state of dispersion was also improved. For higher fibre contents of 3 and 5 phr Twaron, the energy input needed to reduce N bundle increased. For Technora fibres too, the necessary energy input increased slightly. One possible reason for this may lie in the differing fracture behaviour of the fibres, since longer fibres are more difficult to disperse. The fibres were then incorporated using a Haake 3000p internal mixer with an available volume V 0 , including rotors, of 265 ml to investigate the tested: the low fibre-matrix adhesion was shown by cavities originating from fibres that had been pulled out of the matrix. These are clearly evident in Figure 5a . The findings relating to fibre length were confirmed by the SEM images. The reason for the fibre breakage with Twaron can be seen in Figure 5b . The high shear forces occurring during the mixing process led to the fibre surface being torn open. This and the fibrillar structure then led to the expansion of the cracks and ultimately to a reduction in length. Figure 6 shows the stress-strain curves recorded during tensile testing for various Twaron fibre contents in the fibre direction (longitudinal) and perpendicular to the fibre direction (transverse), and in the longitudinal direction for 1 phr Technora fibres. As the fibre-elastomer interface increased, influenced by the fibre content and fibre length, the modulus of elasticity (secant modulus between 1 and 2% elongation) increased in the fibre direction while the elongation at break decreased. The increasing interface impeded the elongation of the matrix and increased the stress values to a point where fibreelastomer adhesion failed and the remaining elongation was only contributed by the elastomer matrix. The reinforcing action was therefore particularly significant in a range of up to 50% elongation. Similar behaviour was described by Clarke and Harris [11] for natural rubber reinforced with short cellulose fibres. For 1 phr Twaron it was possible to increase the stress level without a significant fall in elongation at break, as occurred for instance with 1 phr Technora owing to the greater fibre length. With 5 phr Twaron, maximum stress was reached but elongation was also reduced significantly owing to the high filler fraction.
Tensile test and hardness measurement
The specimens oriented in the transverse direction displayed a reinforcing action between the unreinforced matrix and 1 phr Twaron in the longitudinal orientation. This reduction can be explained by the lower fibre-matrix interface in this orientation.
The moduli of elasticity that were measured and those that were calculated by the Halpin-Tsai model [12] in the longitudinal direction E L and the transverse direction E T are shown in Figure 7 as a function of fibre content. The moduli of elasticity according to the Halpin-Tsai model were calculated as follows: E M and E F are the moduli for the matrix and the fibres, while d and φ describe the fibre diameter and the fibre content as a percentage by volume. In addition, a modulus of elasticity E Z was calculated for a random distribution of the fibres according to [13] and the following formula:
The Shore A hardness is also shown as a function of the fibre content. As expected, with greater fibre contents, the values for Shore A hardness are also increased. The same trend is displayed by the modulus of elasticity in the fibre direction. However, the values remain significantly lower than those of the Halpin-Tsai model, reaching the approximate level of random orientation. One reason for this may be the inadequate fibre-matrix adhesion already mentioned, which is assumed to be 100% in both models. The strength of the fibres is also severely reduced by fibrillation and fibre breakage. Perpendicular to the fibre direction, however, the measured modulus of elasticity is almost identical with that calculated according to the Halpin-Tsai model.
Dynamic-mechanical analysis (DMA)
To characterise the temperature-dependent viscoelastic properties of the vulcanisates, the temperature was varied from -80 to 80°C for a fixed frequency and amplitude of 10 Hz and 0.5%. Figure 8 shows the results for storage modulus and loss modulus E' and E" and the resulting mechanical loss modulus tan δ (quotient of E" and E'). The DMA measurements in the fibre direction showed an increase in the storage modulus and loss modulus with an increasing fibre-elastomer interface. The maxima of tan δ decreased in the region of T g with increasing fibre content. No differences could be observed between the types of fibres.
In the next step, the amplitude-dependent viscoelastic properties of the vulcanisates were determined at ambient temperature and a frequency of 10 Hz for amplitudes varying from 0.1 -100%. Figure 9 shows the storage modulus E' for various fibre contents according to orientation over dynamic amplitude. As was already the case with temperature variation, the initial level of the storage modulus rose for increasing fibre contents in the fibre direction, while in the transverse direction it stagnated just above the matrix value. The level for the sample with 1 phr Technora fibres in the fibre direction was higher than that for the sample with 1 phr Twaron because of the greater fibre length.
The storage moduli in the fibre direction decreased as the amplitude increased, which suggests that the fibres slip out of the matrix. Similar behaviour was described by Ibarra [14] for short polyester fibres in an EPDM matrix. A corresponding phenomenon for the degradation of carbon black clusters is also known as the Payne effect [15] . coNclusioNs This paper is concerned with studying the process-induced dispersion, orientation and length distribution of short-cut aramid fibres and their influence on the performance characteristics of carbon black-free EPDM. Light and electron microscopy were used for characterisation purposes, together with thermal-mechanical material tests. The dispersion behaviour of the short fibres was predominantly affected by the specific energy input, fibre content and fibre type.
The fibre length distribution after incorporation was dependent on fibre type. Technora fibres could maintain higher fibre lengths than Twaron after incorporation. The increase in specific energy input led to more fibre breakage in the Twaron fibres.
The short-cut aramid fibres displayed low fibre-matrix adhesion in the SEM images of fracture surfaces of tensile specimens. The stress-strain curves showed interfacedependent stiffening in the fibre direction as well as failure of the fibre-matrix interface at elongations of more than 50%. The measured moduli of elasticity in the fibre direction were significantly lower than the modulus values calculated using the Halpin-Tsai model, but achieved the level for random orientation. Perpendicular to the fibre direction, the measured values corresponded to those calculated by the Halpin-Tsai model. Technora fibres had a higher reinforcing effect than the sample with the same content of Twaron fibres, owing to the lower fibre breakage. The measured hardness of the vulcanisates rose as the fibre content increased.
For the viscoelastic properties of the composites in the fibre direction, there was an increase in the storage and loss modulus and a decrease in the tan δ maximum as the fibre content rose. With increasing deformation amplitude, the reinforcing action decreased as a result of fibre slippage.
